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Introduction
The mild oxidation of hydrocarbons proceeds by means of the Mars and van Krevelen mechanism [1] , according to which the oxygen responsible for the selective oxidation of the reactant comes directly from the lattice of the oxidic catalyst. As these reactions are structuresensitive, most progresses recently made in the understanding of this particular case of catalysis are due to the fact that researchers have considered concepts stemming from both solid state chemistry and catalysis fields. In his theory on the role of semi-conductivity in catalysis [2] , Wolkenstein searched for a concept from solid state physics likely to bring informations about the way electrons could be exchanged between an oxide and the reactants.
Well considered for a while, this theory has later been quite rejected because of its lack of generalisation. More success was met when considering the way crystal structures could bring informations. Stone [3] introduced the concept of coordinatively unsaturated surface atoms, and used deliberately solid solutions prepared by dissolving a transition metal oxide in an insulating diamagnetic oxide, to determine the role of the metal in a same structural matrix.
Grasselli's group published papers on the crystal structure of USbO x oxides as well as on their catalytic properties in the ammoxidation of propene to acrylonitrile [4, 5] . Another group of workers headed by J. Haber soon recognized the relative role of nucleophilic surface lattice oxygen O 2vs. electrophilic adsorbed species in selective oxidation [6] . In the same period, other researchers [7, 8, 9] also began to consider the bulk structure as a basis to imagine how species could be distributed on the surface. The yields of oxidized bulk chemicals like methanol, acrolein and the like (acrylonitrile, acrylic acid), maleic anhydride, phthalic anhydride, etc., have been strongly increased thanks to a better understanding of the solid state chemistry of molybdates, vanadophosphates and supported vanadium oxide, respectively.
Metallic oxides are able to provide oxygen during reaction for several reasons (variable oxidation degree and coordination of cations, among others), while there is a ballet of oxygen specie, vacancies and electrons coming back and forth between bulk and surface. The mobility of oxygen species has soon been considered as an important factor, and isotopic exchange of labelled 18 O with the surface 16 O oxygen is a convenient method which has delivered many informations [10] . The oxide ion conductivity has not received much attention, except in the community interested in fuel cells or ceramic oxygen generators [11, 12] , probably because this parameter stands for the bulk and not for the surface of oxides.
Similarly, the electronic n-or p-type conductivity has been considered as a valid parameter only in few studies, certainly because of the semi-failure of Wolkenstein's theory. However, the power of this approach has recently been shown, for example in accounting for synergistic effects in multicomponent molybdates used in the (amm)oxidation of propene to acrolein or acrylonitrile [13] , or in understanding the influence of Na 2 O doping of CaO on the oxidative coupling of methane to ethane and ethylene [14] .
The redox mechanism is responsible for another, very important feature in selective oxidation: the influence of the operating reaction conditions on the solid state properties of the catalyst in the chosen catalytic reactor. The hydrocarbon/oxygen mixture is itself a redox mixture which faces the solid state redox system, and the distribution of oxidized and reduced sites is modified until the steady state is reached. This is the reason why an equilibration time is observed with most catalysts (and particularly those containing vanadium which is very sensitive to reduction). If two hours are often considered as enough to reach a steady state in laboratory microreactors, 1,000 hrs and more are currently needed in industrial reactors [15] .
This equilibration period consists of a surface and bulk restructuring, the extent and characterization of which are not easy to examine. The active sites may have to face contradictory requirements as reducing and oxidizing sites are wanted to coexist, and sometimes, particularly in alkane oxidation, these requirements cannot be easily met.
Therefore it is interesting to separate the reaction step from the catalysts regeneration step [16] . This was soon understood for propene oxidation to acrolein [17] , but put in practice only by DuPont researchers for the oxidation of n-butane to maleic anhydride in a circulating fluid bed reactor [18] . In such an assembly, which is close to that used in fluid catalytic cracking of oils, the main advantage is that the reaction step (oxidation of reactant and concomitant reduction of catalysts) is physically separated from the regeneration step (reoxidation of the catalyst), so that the operating conditions can be independently optimized [19] . This "redox decoupling" procedure can be performed with other devices, in which the two steps are spatially (e.g., catalytic membrane reactors) or timely (pulse or periodic feed reactors) separated. In the specific case of membrane reactors [20] , the membrane may be inactive and just acts as a staged distributor of oxygen of the catalyst supported on it (e.g., VMgO on porous alumina membrane [21] ). It may also be active and, in such cases, it generally exhibits mixed electronic oxide ion conductivity. Several of these conducting oxides can be used in the oxidative coupling of methane or the formation of syngas from methane at temperatures higher than 700°C [22, 23, 24] . The first mild oxidation reaction studied was the oxidative dehydrodimerization of propene [25] . A bismuth lanthanum oxide was used as the oxide ion conducting catalyst, and the aim was to suppress electrophilic oxygen species on the surface and to avoid gas phase oxidation.
After first experiments on the above system in a catalytic dense membrane reactor (CDMR) [26, 27] , we have begun a study on the oxidation of C 2 -C 3 hydrocarbons on BIMEVOX catalysts. These materials are the best oxide ion conductors at moderate temperature (500-700°C), and their ionic conductivity is 100-fold that of yttria-stabilised zirconia at 600°C [28, 29] . BIMEVOX acronym stands for oxides deriving from the Aurivillius structure of γ-Bi 4 V 2 O 11 by substituting part of Vanadium (and/or of BIsmuth) by a 6 MEtallic cation [30] . Some BIMEVOX were tentatively used as powder catalysts (ME = Cu, Mn: Bi 2 Cu 0.1 V 0.9 O 5. 35 and Bi 2 Mn 0.1 V 0.9 O 5.35 , respectively) in fixed bed reactors in the oxidative coupling of methane and oxidative dehydrogenation (ODH) of propane [31] , and Bi 2 Cu 0.1 V 0.9 O 5. 35 and Bi 2 Co 0.1 V 0.9 O 5. 35 in the oxidative dehydrodimerization of propene [32, 33] . In this paper, the behaviour of surface unpolished membranes of γ-Bi 2 VO 5.5 doped by Co, Cu and Ta in the oxidation of propene and of propane using the CDMR assembly will be described. One of the most striking results is the formation of syngas, which was not observed in our former work concerning mirror-polished BICUVOX and BICOVOX membranes [34] .
The role of semi-permeability to oxygen as compared to that of oxide ion conductivity will also be addressed to confirm that semi-permeability to O 2 is not a key-point in selective oxidation. appropriate stoichiometry at 600°C in air; after grinding, the powder was calcined at 850°C for 20 hours in a gold crucible. The purity of samples was checked by XRD according to reference patterns [35, 36] . The specific surface area of the powders determined by B.E.T. method was 0.2-0.6 m 2 /g for all samples.
Experimental

Synthesis of catalysts and catalytic membranes
The powders of BIMEVOX were shaped as cylindrical membranes (Ø = 15 mm, 1.5 mm thickness) by uniaxial followed by isostatic pressing (150-180 MPa). The relative density as compared to the theoretical one was higher than 95%. Each membrane was sintered at 750°C except BITAVOX which required a higher temperature (875°C). Both sides of the membranes 7 were "mirror" polished using a 4000 grit SiC paper, and then "depolished" with 200 grit SiC paper. Their surfaces were analysed before and after experiments by XRD, scanning electron microscopy (SEM), laser Raman spectroscopy (LRS) and X-ray photoelectron spectroscopy (XPS).
Catalytic Dense Membrane Reactor (CDMR)
Details of the assembly made up of the catalytic dense membrane reactor fed by mass flow controlled gases and on-line analysis of effluents using a mass spectrometer (Pfeiffer, Omnistar Prisma200) and/or oxygen gauge (Setnag, JC48V) may be found in [34] . The CDMR consists of the membrane sealed by means of Pyrex rings into two mullite tubes, which are inserted in a larger alumina tube flushed with nitrogen. A schematic is shown on Fig. 1 . Gases were supplied to each compartment, respectively O 2 /He in the "high" oxygen partial pressure (HOP) or retentate side, and Ar in the "low" oxygen partial pressure (LOP) or permeate side for oxygen permeation measurements, or hydrocarbon/He for catalytic activity measurements. All gases (propene or propane) introduced in the LOP side contained less than 1 ppm O 2 as impurity. The CDMR was operated at T = 550-750°C, contact time τ = 2.3 s, hydrocarbon to helium ratio HC/He = 1% (LOP), oxygen partial pressure pO 2 = 1 to 10 5 Pa (HOP) and flow rates F = 50 cm 3 /min on both sides.
The polarization between the membrane surfaces was in situ determined by measuring the electric potential (Solid Electrolyte Potentiometry) [37] between two gold electrodes, a grid stuck on the HOP side as the counter electrode and a tip on the LOP side as the working electrode [34] .
The protocole consisted of first measuring the flow of oxygen J O2 permeating from HOP to LOP at given temperature and contact time. Then the diluted hydrocarbon was flowed into LOP compartment in the same conditions of temperature and the catalytic properties were studied.. 8 
Results
Catalytic properties of mirror-polished BICUVOX and BICOVOX membranes during oxidation of propene
The main results obtained with air in HOP on mirror-polished BICUVOX and BICOVOX membranes during the oxidation of propene are summarized in Table 1 . The conversion (X) of propene was low (X ≤ 2.0 mol%) and products of selective oxidation (hexadiene, benzene and acrolein) were formed. However, most of the converted propene resulted in carbon monoxide while very little or no CO 2 was formed on BICUVOX or BICOVOX, respectively ( Table 1 ). The formation of CO as the main product had already been observed when working on BIMEVOX powders in a conventional packed bed reactor, but at higher conversion (18-20 mol%) and temperature 300-550°C [32, 33] . Little change was observed when the contact time in the CDMR increased from 2 to 12 s:the conversion increased, but the selectivity to CO also increased at the expense of mild oxidation products. On the contrary, the variation of the partial pressure of oxygen in HOP brought about more differences in the selectivity to products. The main modification was found when pure oxygen was replacing air ( Table 2 ).
The influence of the ME dopant can here be illustrated, because when pO 2 increases, the selectivity to CO decreases in the case of BICOVOX, while it increases in the case of BICUVOX at the same low conversion (X = 0.4-0.6 mol%). The selectivity to mild oxidation products follows the reverse trend of selectivity to CO.
The rate of permeation to oxygen expressed as JO 2 , the oxygen flux from the retentate (HOP) to the permeate (LOP) side, is low in the absence of reaction. In the temperature range 600-680°C, it amounts to 3.2.10 -4 -3.1.10 -5 µmol.cm -2 s -1 for BICOVOX and is in the same range for BICUVOX. This amount does not account for the observed propene conversion: to 9 form 3CO + 3H 2 O, 100 ppm of propene need 300 ppm O 2 , whereas only 10 ppm O 2 flow into LOP in the absence of hydrocarbon. Therefore, the oxygen transfer to the membrane surface is strongly enhanced in the presence of hydrocarbon in the gas phase. The same experiments were performed with a mirror-polished erbium-doped bismuth oxide to which 40% silver was added (cermet) [34, 38] . The oxygen flux was far higher (at 600-680°C, JO 2 = 0.063-0.025 µmol.cm -2 s -1 ) than with BIMEVOX. However, the propene conversion remained as low (X max = 1.2 mol%), and more CO 2 was formed. Therefore, a high flux of oxygen permeating through the membrane to form O 2 (in the absence of reactant) is not a key parameter as far as selective oxidation is concerned.
Pieces of both sides of the used membranes were analysed by SEM, XRD and XPS. Except a slight increase of the size of domains by 30-40% (SEM), analyses of the bulk (XRD) revealed no noticeable change. In the case of BICOVOX, the initial stoichiometry measured by XPS was recovered after experiments, which indicates that the stability of the membrane is good.
Polarisation of mirror-polished membranes during catalysis with propene
Solid Electrolyte Potentiometry [37] was performed during reaction with propene. In the case of BICUVOX, for example, the potential E, measured between the two sides of the membrane, was low and amounted to -9.5 mV before propene was fed. As soon as the hydrocarbon was fed, E slightly increased in few seconds and then it reached a steady value. By using the Nernst equation, a theoretical (thermodynamic) potential E th = -260 mV would be expected for pO 2 (LOP) = 3 ppm (O 2 as an impurity in the helium gas cylinder).
Conversely, a mean potential of E = -9.5 mV results in pO 2 (LOP) = 0.13.10 5 Pa at the LOP membrane surface. Although these values stand only for the thermodynamic equilibrium state and in the absence of any reactant, they give an idea of the actual activity of oxygen on LOP side. All proceeds as if plenty of oxygen species on LOP surface would be available for the hydrocarbon to react. The reaction provides an alternative pathway for oxygen extraction in place of the rate-limiting recombination of O 2to O 2 .
Catalytic oxidation of propene on depolished BIMEVOX membranes
The behaviour of depolished BIMEVOX (ME = Cu, Co, Ta) membranes was studied in the same conditions as above. As expected, the activity was far higher than with polished membranes but transient phenomena occurred. Depending on ME, the conversion of propene goes through a more or less sharp maximum (X Ta : 70 > X Cu : 53 > X Co : 40 mol%) at times t following the reverse trend (t Ta : 130 < t Cu : 180 < t Co : 220 s) (Figs. 2, 3 and 4 for ME = Co, Cu and Ta, respectively). The partial pressure of products decreases along p H2 > p CO >> p CO2 > p CH4 , with H 2 /CO = 1.2 (Ta) to 1.7 (Co, Cu), which is higher than the stoichiometric proportion for propene reaction to CO+H 2 (H 2 /CO = 1.0). Traces of acrolein and hexadiene were detected simultaneously to CO 2 and CH 4 during the very first minutes. Hydrogen remained the main product for the whole experiment but carbon was recovered in the LOP side of the reactor after the transient peak. This carbon was burnt by substituting O 2 /He (pO 2 = 0.21.10 5 Pa) to propene/He in the LOP compartment for few hours. By this means, most active sites were regenerated, which indirectly showed that the membrane had retained its structural integrity. Indeed, quite the same figures (conversion, distribution and amounts of products) were recovered by feeding again propene.
Catalytic oxidation of propane on depolished BIMEVOX membranes
Helium-diluted propane (1 %) and air were fed into LOP and HOP, respectively, to study the performance of Cu, Co and Ta-doped bismuth vanadates. Transient behaviours were again observed, but the activity peaks were delayed as compared to experiments with propene, in accordance with the lower reactivity of propane (Table 3) . At first, the conversion was increasing for very short periods but it was very low (X = 1-2 mol%). Small amounts of propene due to the oxidative dehydrogenation of propane were detected, with co-production of CO 2 and water. During the following period, the conversion was steady (X = 12-28 %) (steady state I) and syngas was formed for a time depending on ME in BIMEVOX ( Table 3 ).
The pressure of the main products (H 2 > CO >> CH 4 , CO 2 and water) increased during the fast increase of conversion. After the activity peak (which was double for BICOVOX), hydrogen was produced in larger amounts while CO decreased at the profit of coke for a long and steady period (steady state II). For all three membranes, H 2 /CO reached the same value (ca. 2.0) for a short (t Ta : 100 s) to longer (t Cu : 5.2 mn; t Co : 21 mn) time ( Fig. 5 for BICOVOX).
As H 2 /CO = 1.33 for the stoichiometric oxidation of C 3 H 8 to 3CO + 4H 2 O, other reactions proceed probably in the same time. Later, H 2 /CO = 3.0-3.2 is obtained at 260 s for Ta and at 1780 s for Co. In the case of Cu membrane this value is steady from t = 450 s . By replacing air by pure oxygen in HOP, similar phenomena were observed. The most striking effect is exerted on the activity peak(s) ( Table 3) , which is delayed (Co) (Fig. 5 ) or slightly advanced (Cu) [39] , or quite not modified (Ta). The polarisation curve follows an inverse trend as compared to that of the conversion, as shown for BITAVOX on Fig. 6 . The theoretical partial pressure of oxygen on LOP side calculated by the Nernst equation is high (p O2th ~ 9.10 3 Pa at the maximum of activity peak). As already noted in the case of propene oxidation, the production of CO cannot be accounted for by the amount of oxygen that would permeate through the membrane because it is far too small. Therefore, even in these strongly reducing conditions, the polarisation is high enough and the membrane is still active. (Fig. 5 ). The Me cation substitutes vanadium in most cases but Bi may also be partly replaced [28, 30, 35, 36] . The role of defects is prominent to explain the high oxide ion conductivity of these bismuth vanadates stabilised at room temperature. A proposed conduction mechanism for divalent ME-substituted BIMEVOX [28, 29, [42] [43] [44] involves positional exchange of oxide ions and vacancies in the vanadate layers and results in the two-dimensional oxide ion conduction mechanism. This is allowed by the versatility of vanadium whose coordination easily varies from 6 to 4-fold, this feature being also known as an important factor of activity in oxidation catalysis. A second important factor is the presence of the Bi lone pair of electrons which is stereochemically active and points to vacant sites between four corner-sharing vanadium polyhedra. The polarizability of the Bi lone pair is responsible for a kind of "racket" effect exerted on the oxygen which hops from one vacancy to the other (Fig. 8 ). Neutron diffraction data revealed a large atomic disorder in vanadium layer around the apical O(2) and equatorial O(3) oxygen sites which are partly occupied [42, 43] . The barrier energies for the oxygen diffusion can be calculated from the Joint Probability Density Function (JPDF) by considering the anharmonic thermal motion in γ-Bi 4 V 2 O 11 structure. Fig. 8 shows the JPDF map of oxygen in a section defined by O(2), O(3) and the vanadium position. Pseudo-potential were derived and the lowest energy barrier was obtained for the diffusion of an oxide from an apical site O(2) to an equatorial O(3) site with a barrier of 0.2 eV, in good agreement with the activation energy measured for this γ-polymorph at high temperature by impedance spectroscopy [29, 45] .
Discussion
BICUVOX exhibits the highest oxide ion conduction at moderate temperature (Fig. 9 ). The reason why is not exactly known. The ionic radius for 6-fold coordination [46] decreases along Zn 2+ (0.74) > Cu 2+ (0.73) > Ni 2+ (0.69) > Co 2+ (0.65) > Ta 5+ (0.64 Å), while that of V 5+ is 0.54 Å. The value of ionic radius closest to that of V 5+ is 0.57 Å for Cu 2+ in its common square planar coordination due to the Jahn-Teller effect. Both value and coordination of Cu 2+ are probably related to the highest ion conductivity which is exhibited by BICUVOX as compared to BICOVOX or others.
Catalytic vs. structural properties
The three BIMEVOX samples studied as dense membranes in the oxidation of propene and of propane behave similarly. The polarisation E between the LOP and HOP sides, which depends on the contact time, follows exactly the reverse trend of the conversion curves. As E is always very high compared to the theoretical value, it means that a large amount of O 2specie is available in LOP side for the reaction to proceed. Experiments were recently performed by one of us by means of 18 O/ 16 O isotopic exchange followed by SIMS [47] . The oxygen transport in an oxide ion conductor material proceeds by the oxygen exchange (O 2 + 4e ↔ 2O 2-) at the surface, followed by the diffusion of O 2through the material. Whereas the diffusion coefficient D of BIMEVOX (ME = Cu, Co, Bi) amounts to 3 to 8.10 -7 cm 2 /s, which is by one order of magnitude higher than that in common oxide electrolytes like YSZ or cerium-doped gadolinium oxide (D≈ 2-4.10 -8 cm 2 ), the surface exchange coefficient k is in the same order of magnitude (k = 0.2-1.2.10 -8 vs. 6.10 -9 and 6.10 -8 cm/s, respectively).
Particularly, the recombination step of O 2to O 2 is very slow, and this rate-limiting process accounts for the high polarisation measured between the LOP and HOP surfaces. In the case regime at low conversion (X < 2.5 mol%) CO is predominantly formed besides hexadiene, benzene and acrolein (and water). The formation of these products requires far more oxygen species than those permeating but the material properties are not modified by the reaction. It means that the function of the CDMR is carried out: the rate of oxidation of propene being smaller than the rate of diffusion of O 2from HOP, numerous enough O 2species diffuse to ensure the replenishment of vacancies created by the reaction in LOP side. When the surface roughness increases ("depolished" surfaces) the rate of reaction increases also, but the rate of O 2diffusion is still the same at a same given temperature. Several steps are now noticed. At the very first seconds, the conversion of propene is low (X ≤ 2 mol%) as when the surface was not rough, and the distribution of products of selective (hexadiene, acrolein) and partial (CO) oxidations is similar. Later CO and H 2 , and then C and H 2 are predominantly formed during and after the activity peak. The reactions are slower in the case of propane oxidation. At the beginning, the conversion is low and propene is formed by ODH. Then a steady regime is settled and is held on as long as a certain amount of O 2is available because of the high polarisation of LOP surface. During this steady state I (Table 3) , hydrogen and CO are the main products and the H 2 /CO ratio is constant (2.0-2.2 vs. 1.33 for stoichiometry). When the (sub)surface is oxygen depleted, a restructuration of the surface probably occurs which leads to a strong increase of conversion. The increase in CO production is slower than that of H 2 because less O 2are available. P CO follows exactly the conversion curve for a while but it decreases before the activity has reached its maximum. We suppose that during this step the rate of O 2diffusion is not high enough, hence the conversion decreases by lack of oxygen which favours the cracking of propane and the formation of carbon deposits. A new steady state (steady state II) is reached, during which the main products are hydrogen and carbon.
However, CO keeps on producing at conversion values which are very close to those in steady state I (X ≈ 10 mol%). It seems therefore that sites for partial oxidation similar to those available in the beginning are still present, or that they are continuously regenerated. This assumption is reasonable because the various steps are again proceeding after burning the carbon and flowing propane again.
Although the sequence of events is similar for all BIMEVOX, the phenomena happen at different times according to the doping metal (Cu, Co, Ta). As the conversions, as well as the H 2 /CO ratios, go exactly through the same values whatever ME, it means, at least in first approximation, that the number of active sites and the mechanism also are similar. Moreover, as the permeation rate (in the absence of reaction) is in the same range for these materials, the rates of reduction of O 2 at HOP surface and of O 2diffusion through the membrane are also assumed to bethe same. It is interesting to note that, although the ionic conductivity σ i of BICUVOX is slightly higher than that of other BIMEVOX (Fig. 9 ), its catalytic properties do not vary in proportion. The only property which varies with ME is the electron conductivity σ e . Co and Cu doping leads to p-and n-type electronic conductivity, respectively [48] , whereas BITAVOX is n-type, if not neutral, because σ e is very small [49] . The electron conductivity σ e modifies not only the step of reduction of O 2 to O 2which was shown to be rate limiting [47] , but also the O 2diffusion rate itself as electrons must flow in the reverse sense to ensure electroneutrality. This is illustrated by the modifications of behaviour observed when the partial pressure of oxygen in the HOP side was varied. Table 2 shows that, upon increasing pO 2 HOP from 2.10 2 to 10 5 Pa during the oxidation of propene, the selectivity to CO decreases or increases (products of selective oxidation increasing or decreasing) with mirror-polished BICOVOX and BICUVOX, respectively. Modifications in the sequence of steps are observed on depolished membranes in the presence of propane by feeding HOP with O 2 instead of air ( Table 3 ). The duration of steady state I characterized by the production of syngas is extended on BICOVOX, shortened on BICUVOX and quite unchanged on BITAVOX. With increasing pO 2 , the conductivity σ e increases for p-type and decreases for ntype semiconductors [11, 12] . Consequently, in the case of p-type BICOVOX, both surface exchange and diffusion rates should be enhanced by increase of pO 2 in HOP, thereby producing more oxygen species to oxidize propane to syngas, and delaying the surface restructuring which leads to coking. The same explanation holds for the oxidation of propene on mirror-polished BICOVOX membrane because products of selective oxidation increase (Table 2 ). In the same conditions, the n-type conductivity of BICUVOX would be responsible for the acceleration of surface restructuring (depolished membranes with propane), or for the increase in selectivity to CO (mirror-polished membrane with propene), whereas BITAVOX performance is poorly affected.
Conclusion
Owing to the large possibility of vanadium-substituted γ-Bi 4 V 2 O 11 materials, the BIMEVOX family offers an opportunity to examine the influence of the metallic cation ME on catalytic properties while keeping the same crystal structure. The oxide ion conductivity is very high, even at low temperature, but the semi-permeability to molecular oxygen is poor because the oxygen exchange O 2 ↔ O 2at the surface is rate-limiting. The defects (oxygen vacancies, variable coordination) affect mainly the vanadium layers and depend on the valence and coordination of ME, although it is still difficult to know to what extent. Using these materials as catalytic dense membranes in redox decoupling conditions (CDMR) provides another view of their advantages and drawbacks. The delivery of oxygen specie (O 2-) which are needed for the oxidation reaction depends on both O 2diffusion which is fast and on surface reduction of O 2 which is slow. The latter depends on the electronic properties which are revealed mainly when the oxygen partial pressure is modified on the HOP side.
Two divalent (Co, Cu) and one pentavalent (Ta) dopants were chosen and the resulting BIMEVOX used as catalytic dense membranes in the oxidation of propene and of propane.
Although potentially active sites are plural as three cations (Bi, V, Me) are present, their catalytic behaviour is very similar when the surface roughness is (approximately) the same. A steady regime, characterized by a low conversion of propene and the formation of mild oxidation products (acrolein, hexadiene, CO), or of partial oxidation products (CO and H 2 O), was observed with smooth surfaces. Transient phenomena were observed with rougher surfaces, but the type, the distribution and the amount of products (propene or syngas in the case of propane), were similar for all three BIMEVOX. Therefore, the role of ME which is more (Cu), or less (Co, Ta) reducible, does not seem prominent, and bismuth and/or vanadium are undergoing reduction when necessary. The analyses of the mirror-polished membranes showed that the bulk, but also the LOP and HOP surfaces, were not strongly modified, which could be related to the low conversion (X < 2.5 %). However strong modifications were also not observed on depolished BITAVOX membranes, although they experienced strong variations of conversion in highly reducing atmosphere (propane, H 2 , CO in LOP). In particular, no metallic bismuth nor bismuth oxide could be identified by XRD on the reaction side surface. This stability accounts for the fact that the initial state can be restored after coke has been burnt. Finally, the difference of reactivity vs. time observed for the three membranes 18 with the same driving force (same partial pressure of O 2 on HOP side) was emphasized by modifying that pressure. It follows that electronic properties which depend on ME, although they are poor as compared to those of mixed ionic and electronic conductors oxides, influence the step of O 2 reduction. Several means are under study to stabilize the production of syngas, or alternatively the ODH of propane, but analyses are also in progress to get a better understanding of the phenomena, particularly of the reversible surface restructuration. 
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